The electronic spectra of the HBBr and DBBr free radicals have been studied in depth. These species were prepared in a pulsed electric discharge jet using a precursor mixture of BBr 3 vapor and H 2 or D 2 in high pressure argon. Transitions to the electronic excited state of the jet-cooled radicals were probed with laser-induced fluorescence and the ground state energy levels were measured from the single vibronic level emission spectra. HBBr has an extensive band system in the red which involves a linear-bent transition between the two Renner-Teller components of what would be a 2 Π state at linearity. We have used high level ab initio theory to calculate potential energy surfaces for the bent 2 A ′ ground state and the linearÃ 2 A ′′ Π excited state and we have determined the ro-vibronic energy levels variationally, including spin orbit effects. The correspondence between the computed and experimentally observed transition frequencies, upper state level symmetries, and H and B isotope shifts was used to make reliable assignments. We have shown that the ground state barriers to linearity, which range from 10 000 cm −1 in HBF to 2700 cm −1 in BH 2 , are inversely related to the energy of the first excited 2 Σ ( 2 A ′ ) electronic state. This suggests that a vibronic coupling mechanism is responsible for the nonlinear equilibrium geometries of the ground states of the HBX free radicals. Published by AIP Publishing. [http://dx.
I. INTRODUCTION
The boron trihalides BF 3 , BCl 3 , BBr 3 , and BI 3 have been extensively used as boron sources in the chemical vapor deposition (CVD) production of boron carbide and boron nitride, materials that, after diamond, are among the hardest known. Although BCl 3 is the most commonly used boron source in such processes, it has the disadvantages of being corrosive and difficult to handle and requiring relatively high temperatures (1200-2000 • C) to obtain crystalline materials. 1, 2 Based on a thermodynamic study, it has been suggested 3 that BBr 3 should be a much better CVD boron source, with the added advantage of easier handling and storage. Subsequent work has shown that boron tribromide is a safe and efficient precursor for the plasma-assisted CVD synthesis of high quality boron coatings using BBr 3 -CH 4 -H 2 gas mixtures. 4 Similarly, well crystallized and highly dense films of boron nitride have been produced at moderate temperatures by low pressure CVD using BBr 3 -NH 3 -H 2 precursor gas mixtures. 5 There has been little work on the detailed mechanisms of CVD processes involving BBr 3 -H 2 mixtures and the relevant reactive intermediates are unknown. However, analogy to experimental [6] [7] [8] and theoretical studies [9] [10] [11] [12] of the corresponding BCl 3 -H 2 systems suggests that the BBr, BBr 2 , BH 2 , BH, and HBBr free radicals should be important in these a) Author to whom correspondence should be addressed. Electronic mail: dclaser@uky.edu.
processes. All of these species have been spectroscopically characterized with the exception of HBBr which is the subject of the present work.
In 2005, we reported that the HBF, HBCl, and HBBr free radicals were viable gas phase species that could be synthesized from BX 3 /H 2 mixtures in a pulsed discharge jet and detected by laser-induced fluorescence (LIF) techniques. 13 In each case, the free radical has an extensive band system in the red which involves a linear-bent transition between the two Renner-Teller components of what would be a 2 Π state at linearity. Since the 0 0 0 band occurs at very low energies in the near-infrared and the observed bands terminate on quite high bending levels in the excited state, the detailed assignment of the vibrational structure in the LIF spectra is challenging. In a previous work on HBF/DBF 14, 15 and HBCl/DBCl, 16 we have used a combined theoretical and experimental approach to tackle the problem. In each case, we first used a high level ab initio theory to calculate a suitable grid of points on the ground and excited state potential energy surfaces. Then we employed the variational methods developed by Carter and coworkers 17, 18 to obtain the ground and excited state ro-vibronic energy levels from the fitted potentials, including the effects of spin-orbit and Renner-Teller couplings. Finally, we used the theoretical predictions of the vibrational energy levels and the boron, hydrogen, and halogen (where applicable) isotope effects to make assignments of the vibrational bands in the observed spectra. We now conclude these studies with a similar investigation of the electronic spectrum of the HBBr free radical.
II. EXPERIMENT
The HBBr or DBBr free radicals were generated by seeding the vapor of liquid boron tribromide into a mixture of 40 psi of argon diluted with 5% H 2 or D 2 and subjecting pulses of this gas mixture to an electric discharge. As described in detail elsewhere, 19, 20 a pulsed molecular beam valve (General Valve, series 9) injected the precursor mixture into a flow channel where an electric discharge between two stainless steel ring electrodes fragmented it, producing the radical of interest. The reactive intermediates were rotationally and vibrationally cooled by free jet expansion into vacuum at the exit of the pulsed discharge apparatus. A 1.0 cm long reheat tube 21 added to the end of the discharge apparatus increased production of the species of interest and suppressed the background glow from excited argon atoms.
Low resolution (0.1 cm −1 ) survey LIF spectra were recorded using a Nd:YAG or excimer pumped dye laser (Lumonics HD-300) excitation source. The fluorescence was collected by a lens, focused through appropriate longwave pass filters, and onto the photocathode of a photomultiplier tube (EMI 9816QB). The spectra were calibrated with optogalvanic lines from various argon-and neon-filled hollow cathode lamps to an estimated accuracy of 0.1 cm −1 . The laserinduced fluorescence and calibration spectra were digitized and recorded simultaneously on a LabVIEW-based data acquisition system.
For emission spectroscopy, previously measured LIF band maxima in the spectra of HBBr and DBBr were excited by the dye laser and the resulting fluorescence was imaged with f /1.5 optics onto the entrance slit of a 0.5 m scanning monochromator (Spex 500M). The pulsed fluorescence signals were detected with a cooled, red-sensitive photomultiplier (RCA C31034A), amplified, processed using a gated integrator and recorded digitally. The emission spectra were calibrated to an estimated accuracy of ±3 cm −1 using emission lines from an argon lamp. A 1200 line/mm grating blazed at 750 nm was employed in this work, with a bandpass of 0.6-0.8 nm, depending on the signal intensity.
The broadband LIF spectra were generally of low quality because of fluorescence of impurity species, formed in the discharge along with HBBr or DBBr, which overlapped the emission of the target radical, and the overall weakness of the emission. The synchronous scan LIF (sync-scan LIF) technique 22 was employed to filter out the unwanted emission and detect only fluorescence from the species of interest. This method utilizes the emission monochromator as a narrow band pass filter which is scanned synchronously with the laser, keeping a constant offset from the laser frequency. The offset (in cm −1 ) value is a vibrational interval of the ground state of the molecule of interest determined from the emission spectrum. By using sync-scan LIF, we were able to get better and cleaner, although still quite weak spectra of HBBr and DBBr.
III. RESULTS AND ANALYSIS

A. Preliminary ab initio calculations
In a preliminary stage of the work, we have used the Gaussian 03 program 23 package to predict the properties of the ground and excited states of HBBr and its various isotopologues with both density functional theory (DFT) with the Becke three parameter hybrid density functional 24 and the Lee, Yang, and Parr correlation functional 25 [B3LYP], and at the coupled cluster singles and doubles with perturbative triples [CCSD(T)] level of theory. 26 In both cases, we employed Dunning's correlation-consistent triple-zeta basis set augmented by diffuse functions (aug-cc-pVTZ) 27 as a reasonable compromise between accuracy and computational expense. The resulting molecular geometries, excited state T e , and the vibrational frequencies are summarized in Table I .
Both theoretical methods predict that HBBr is a bent molecule in the ground state with the electron configuration
where the 16a ′ (HOMO) and 6a ′′ (LUMO) are the in-and outof-plane BBr π antibonding orbitals. Promotion of an electron from the HOMO to the LUMO (which is predominantly an out-of-plane 2p z boron orbital) produces the linear first excited state which is symbolized using the notation of Dressler and TABLE I. Ab initio predictions [CCSD(T) with B3LYP in parentheses] of the ground and first excited state vibrational frequencies of the various isotopologues of HBBr. All quantities are in cm −1 . Ramsay 28 asÃ 2 A ′′ Π, to denote the fact that it is the upper C s component of a Renner-Teller pair of states. Although the bond angle increases by more than 56 • on electronic excitation, the bond lengths actually decrease by a few hundredths of an angstrom, consistent with the notion that excitation is from an in-plane antibonding orbital to an out-of-plane orbital largely localized on the central boron atom. A corresponding increase in the frequencies of the stretching vibrations is evident in the results presented in Table I . The results are in excellent agreement with previously published 29 larger basis set CCSD(T) calculations of the ground state properties of HB 79 Br.
B. Potential energy surface calculations
All single point energy calculations were performed with the Cfour suite of quantum chemistry programs. 30 Single point energies of the bentX 2 A ′ ground state and the linear A 2 A ′′ Π first excited state were calculated at the CCSD(T) level of theory 26 with the cc-pVQZ, 27 cc-pwCVQZ, 31 and cc-pwCVQZ-PP 32 basis sets for hydrogen, boron, and bromine, respectively, using unrestricted Hartree-Fock wavefunctions with the proper symmetry as references. All electrons were correlated. The geometries of the single point calculations were carefully chosen in order to properly map the potential energy surfaces (PES) of the ground and of the excited states for energies up to 20 000 cm −1 above their respective minima. The geometries were in the ranges 2.9 ≤ r BBr ≤ 4.7 bohr and 1.7 ≤ r BH ≤ 3.3 bohr for the stretching coordinates (both states) and 70 ≤ θ HBBr ≤ 180 (X 2 A ′ state, 836 points) and 100 ≤ θ HBBr ≤ 180 (Ã 2 A ′′ Π state, 672 points).
In the variational Renner-Teller calculations (see below), the fully ab initio PESs yielded vibronicÃ 2 A ′′ state levels, which were ∼100 cm −1 too high for the main bands of the spectra. Similar deviations were observed also for HBF 14 and HBCl, 16 which lead to errors of ∼2% in the corresponding barrier to linearity in the lower electronic state. For these two radicals, these approximately constant shifts did not constitute an obstacle to the assignment of the experimental bands, thanks to the comparatively simpler structure of the observed transitions. However HBBr has a much more complex spectrum, which persuaded us to introduce an empirical correction to the ab initio surfaces, in order to facilitate the assignment of the weaker features. In order to improve the agreement between theory and experiment, the ab initio energies have been modified in the following way. For theÃ 2 A ′′ state, all the energies were uniformly shifted downwards by 0.000 447 hartree (98 cm −1 ). For theX 2 A ′ state, the energies for geometries with bond angles of 180 • were decreased by the same amount, and all the geometries with bending angle θ HBBr = 170 • and θ HBBr = 160 • were discarded from the fit.
The modified energies of the two states were fitted with the SURFIT program, 33 using symmetry restricted polynomial functions with the general form
where η refers to the specific electronic state, q 1 = r BBr stretching, q 2 = r BH stretching, and q 3 = θ HBBr bending, and
defines the reference geometry of the η-th state. Symmetry restrictions constrain k to be even for theÃ 2 A ′′ state. The two PESs have been expanded at their computed equilibrium geometries and the fitting coefficients c η i j k are presented as the supplementary material. 34 The root mean square deviation (RMSD) of the least squares fitting was 4.7 cm −1 and 2.6 cm −1 for theX 2 A ′ andÃ 2 A ′′ states, respectively. The degeneracy of the two surfaces at linearity was imposed by using 52 linear geometries in the fitting of the ground state coefficients. This procedure is identical to that adopted for HBCl 16 and it is able to recover surfaces which are nearly degenerate for linear geometries, with differences of the same order of magnitude of the RMSD's of the fittings. From the fitted surfaces, the barrier to linearity of the ground state was calculated to be 5607 cm −1 , slightly lower than the 6073 cm −1 value found for HBCl, 16 but much lower than the 10 084 cm −1 value found for HBF. 14 Potential energy curves as a function of bond angle for fixed bond lengths, illustrating the nature of the relevant electronic states, are shown in Fig. 1 .
Using the Molpro2010 code, 35 the geometry independent phenomenological spin-orbit splitting of the electronic Π (X 2 A ′ ,Ã 2 A ′′ ) state at its linear equilibrium geometry was calculated to be 299.7 cm −1 , at the CASSCF level of theory using the cc-pVQZ 27 basis set for all atoms. This value is substantially larger than that calculated for HBCl 16 (87.3 cm −1 ) and HBF 14 (42.3 cm −1 ).
C. Calculation of the vibronic energy levels
The analytically fitted surfaces were used for the variational calculation of the rovibronic energy levels. For this purpose, we used the code originally developed by Carter and co-workers 17 because of the problems found 36 The variational basis set was built from 20 to 30 harmonic oscillators for the BH and BBr stretches, respectively, and 104 Legendre polynomials for the bend of the two electronic states, contracted to 81 two-dimensional stretching functions and 54 two dimensional bending functions. Spin-rovibronic calculations for J = 1 /2, 3 /2, 5 /2, 7 /2, were performed with the inclusion of the spin-orbit effect, thus enabling the prediction of the energies and spin-orbit splittings for levels with K ≤ 3 (Σ, Π, ∆, Φ levels). The vibrational quantum numbers were assigned by inspection of the variational coefficients and, for higher levels, by counting the nodes in plots of the vibrational wavefunctions. All eight isotopologues (H 11 
The resulting calculated values for the low-lying ground state vibrational energy levels of the eight isotopologues are given in Table II . In Table III , we show the calculated excited state energy levels, for (0,v 2 ,0), (1,v 2 ,0), and (0,v 2 ,1) sequences, relative to the ground stateX 2 A ′ (0, 0, 0) energy level. Only Σ and Π states are included in Table III , since only these states proved to be relevant for the interpretation of the spectra.
D. LIF spectra
The sync-scan LIF method eliminated many of the extraneous bands in the spectra and allowed precise measurements and definitive assignments to be made, as will be discussed later. Fig. 2 illustrates the sync-scan LIF spectrum of H 11 BBr in the range from 13 500 to 17 500 cm −1 . In this instance, the sync-scan offset was set to 835 cm −1 , which our emission spectra (see below) and the PES calculations (above) show as one quantum of the ground state bending frequency. A simple progression of bands with an interval of about 600-650 cm −1 is clearly evident along with a variety of weaker features. The ∆K = ±1 selection rule, and experience with the spectra of HBF and HBCl, suggest that if these are cold band transitions, they originate from the K ′′ a = 0, 1, or 2 levels and terminate on the K = 1(Π), K = 0(Σ) or K = 2(∆), or K = 1(Π) or K = 3(Φ) excited state levels, respectively. Before we discuss the details of the assignments, it is necessary to examine the SVL emission spectra obtained by laser excitation of the prominent bands in the LIF spectra, as they contain information that is important for the analysis of the LIF spectra.
E. Emission spectra
The emission spectra obtained for HBBr and especially DBBr were generally quite weak and noisy, so reliable measurements were only obtained for a few bands in each instance. Some of the better examples are shown in Fig. 3 . The top panel shows the spectrum obtained by laser excitation of the Q-branch maximum of the H 11 BBr band at 18 031 cm −1 . The spectrum is dominated by a single progression with an interval of 839-802 cm −1 which can be readily identified from the data in Table II as the bending mode. In this case, the upper state must have K = 0 (Σ state) as the ∆K = ±1 selection rule mandates that only transitions down to K ′′ a = 1 can occur, so in which each strong band has a weaker satellite feature (#1-#4) to higher wavenumbers. The intervals between the main bands and the satellites increase monotonically from 161 cm −1 (#1) to 223 cm −1 (#4). These intervals are much too small to be a vibrational frequency and we interpret them as transitions down to the K = 3 stack of levels in each bending state. The K ′′ a = 3 − K ′′ a = 1 interval in the (0,0,0) state is ∼8[A − (B + C)/2] which our ab initio results give as 161.8 cm −1 , increasing to 226.7 cm −1 for (0,3,0), both in very reasonable agreement with experiment. Most of the HBBr emission spectra from Σ upper states show these characteristic and unexpected ∆K = −3 transitions. In fact, a close examination of the spectrum in the top panel in Fig. 3 shows that the same rotational satellites are present for most of the bands, although they are much weaker. Further confirmation of the assignment comes from a single, weak DBBr emission spectrum excited at 14 414 cm −1 which shows satellites of 93 and 95 cm −1 for the (0,0,0) and (0,1,0) lower states, in complete agreement with the ab initio values of 93.6 and 98.6 cm −1 .
The third panel in Fig. 3 shows an emission spectrum which originates from a K = 1 (Π) level of the upper state of H 11 doublet splitting of 44 cm −1 , precisely as expected due to the decrease in the A rotational constant on deuteration.
Returning to the third panel in Fig. 3 , close inspection shows weak satellite bands (#1 and #2) with intervals of 318 and 353 cm −1 relative to the (0,0,0) and (0,1,0) K a = 0 levels. Assuming that ∆K = ±3 transitions can also occur for Π levels, we assign these features as transitions to K a = 4 in the lower state, with a K ′′ a = 4 − K ′′ a = 0 interval of ∼16[A − (B + C)/2] ≈ 320 cm −1 . Similar ∆K = −3 emission features were found for many, but not all, of the Π bands in the LIF spectrum of HBBr.
In addition to the prominent bending progressions in the emission spectra, there are also a few weak bands terminating on stretching or bend-stretch combination levels in the ground state, particularly in the spectra of DBBr. The measured energy levels and their assignments are summarized in Table IV .
In conclusion, we note that the upper state K value of each band in the LIF spectrum is in principle readily determinable by examining the corresponding emission spectrum for the presence or absence of doublets. In addition, the ∆K = −3 transitions, if observed, provide confirmation of the K numbering in the upper state. These criteria were very useful in the analysis of the LIF spectra.
F. Assignment of the sync-scan LIF spectra
The LIF spectra were assigned by comparisons between observed and calculated transition frequencies and isotope shifts, and the upper state symmetries (Σ, Π etc.) determined (where possible) from the emission spectra. It is noteworthy that the symmetries alternate between Σ and Π across the major progression, indicating that the former have odd quanta and the latter even quanta of upper state bending quantum number, v ′ 2 , since K = |l ± 1| and the vibrational angular momentum quantum number l = v 2 , v 2 − 2, v 2 − 4, . . . , 1 or 0. Our analysis began with the strong HBBr LIF band at 16 184.2 cm −1 [labeled (0,16,0)Π in Fig. 2 ]. Our experience with the spectra of the HBF and HBCl free radicals suggested that this band is most probably a transition from the ground state (0,0,0) level to a high bending level of the excited state. The emission spectrum clearly shows that the upper level is a Π state with K = 1 which dictates that v ′ 2 = even. Examination of the calculated energy levels in Table III shows that the closest and most obvious candidate is (0,16,0) which is calculated (for the H 11 B 79 Br isotopologue) to be only 1.4 cm −1 higher than observed. Shifting the upper state bending quantum number by ±2 would give offsets greater than 1000 cm −1 which appears unrealistically large for the present high level of theory.
Further evidence supporting this 2 16 0 assignment comes from the observed and calculated isotope effects. According to the data in Table III , there should be a transition to (0,16,0) of H 10 BBr ∼ 103 cm −1 to higher energy and the corresponding bands of D 11 BBr and D 10 BBr should appear 2244 and 2092 cm −1 below that of H 11 BBr. The isotope shifts of the alternative (0,14,0) and (0,18,0) assignments are substantially different and readily distinguished from those of (0,16,0). Experimentally, the isotopologue transitions were located with offsets of +104.1, −2217, and −2055 cm −1 , respectively, providing strong validation of the initial (0,16,0) identification.
The strong bands immediately above and below 2 16 0 were then immediately assignable as members of the bending progression. The upper state symmetries, determined from the emission spectra, alternate between Σ and Π as expected and the obs-calc values range, for H 11 BBr and H 10 BBr, from +41 to −34 cm −1 . The obs-calc values tend to decrease with increasing energy, indicating that the ab initio surface is somewhat flatter than required. The calculated isotope shifts allowed us to identify several weak bands 50-100 cm −1 above the stronger H 11 BBr features which were assigned to H 10 BBr (see Fig. 2 ). In addition, a series of weak bands ∼833 cm −1 below the main progression (Fig. 2) proved to be hot bands originating from the (0,1,0) level in the ground state. We also noted that a few of the Π bands had a corresponding weak satellite transition approximately 80 cm −1 to lower energy (Fig. 2) , whose emission spectra (where available) were identical to that of the stronger analogues. These were proven to be the much weaker K ′ = 1 − K ′′ a = 2 counterparts of the K ′ = 1 − K ′′ a = 0 transitions. The efficient cooling in the supersonic expansion substantially depopulates the ground state K a = 2 levels; so, transitions from them are only rarely observed in our spectra.
Most of the strong Σ and Π bands in the H 11 BBr spectrum have a satellite 20-40 cm −1 to higher energy that proved difficult to assign. The emission spectra of the 2 12 0 , 2 13 0 , 2 15 0 , 2 17 0 band satellites were recorded and found to have the same features with the same relative intensities as those of the parent bands, but the emission bands were shifted 20-40 cm −1 higher in energy. To explain these bands, we first considered the possibility that they were due either to different spin components of the main bands (for Π states only) or to higher angular momentum components (i.e., ∆ and Φ components of the same bending level). However, the spin-orbit splittings of the Π states were predicted to be small and with randomly distributed signs (see Table III ), while the higher angular momentum components were calculated to fall either lower or at nearly equal energies with respect to the pure bending levels.
We then turned our attention to other explanations. Looking at Table III , it is evident that for the H 11 B 79 Br isotopologue, the (1,v 2 − 4, 0) transitions always fall within 30-50 cm −1 above the corresponding (0,v 2 ,0) levels. These are good candidates for the assignment of the weak satellite bands, since the symmetries of the (1,v 2 − 4, 0) and (0,v 2 ,0) levels are the same, so they can mix through a higher order Fermi resonance mechanism. The existence of mixing between these levels is confirmed by the composition of the wavefunction vector in the variational computations.
A different explanation is required for the unexpected ∆K = 3 transitions observed in the emission spectra. As stated in Section III E, the ∆K = ±1 selection rule implies that "pure" Σ levels (K ′ = 0) of theÃ 2 A ′′ electronic would emit back only to K ′′ = 1 (∆K = +1) of theX 2 A ′ ground state, while "pure" Π levels (K ′ = 1) would emit down to K ′′ = 0 (∆K = −1) and K ′′ = 2 (∆K = +1) levels. However, the complete Renner-Teller spin-rovibronic Hamiltonian of Carter et al. 17 allows for a mixing of rotational levels of the same electronic state with ∆K = ±1 and ∆K = ±2. This means that Σ and Π levels ofÃ 2 A ′′ may have partial ∆ and Φ character, respectively. Hence, "mixed" Σ levels can emit to K ′′ = 3 and "mixed" Π levels can emit to K ′′ = 4. In such cases, ∆K = 3 transitions would be expected and that is what is observed. The complete set of assignments for HBBr are summarized in Table V . The LIF spectra of DBBr were much weaker and noisier than those of HBBr and hampered our ability to obtain emission spectra, so the analysis is necessarily less complete. Nevertheless, the main bending progression of D 11 BBr bands with alternating Σ and Π upper state symmetries was readily identifiable based on the comparison of observed and calculated transition frequencies, deuterium isotope shifts and K ′ quantum numbers from emission spectra (where available). As in the HBBr case, some of the DBBr transitions to Π states showed a weak transition ∼40 cm −1 to lower energy which was assigned at the corresponding K = 1 − K ′′ a = 2 transition. In addition, in favorable cases, the weak D 10 BBr bands were found 135 -200 cm −1 above the main D 11 BBr bending progression. Finally we see the same kind of Fermi resonances in D 11 B 79 Br as were found in HBBr, but in this case the (1,v 2 − 4, 0) transitions fall approximately 50 cm −1 below the (0,v 2 ,0) levels. Many weak bands in the D 11 BBr spectrum were assigned in this way. All of the measured bands and the assignments, where available, are reported in Table VI .
IV. DISCUSSION
A. The molecular structure of HBBr
As in previous work on HBCl, we were unable to obtain high-resolution spectra of HBBr or DBBr for the determination of molecular structures, so must depend on the results of our ab initio calculations. The best structures, which come from the potential energy surfaces, are r BH = 1.186 Å, r BBr = 1.863 Å, and θ = 123.5 • for the bent ground state and r BH = 1.166 Å, r BBr = 1.824 Å for the linear excited state. These values are compared to the geometric parameters derived from ab initio potential energy surfaces for HBF, HBCl, and BH 2 in Table VII. The ground state bond length of diatomic BBr (1.887 Å) is 0.024 Å longer than that of HBBr (1.863 Å), and their B-Br stretching vibrational frequencies of 685.2 and 717 cm −1 , respectively, are in accord with the bond lengths. 37 The ground state BH bond lengths of the various radicals in Table VII decrease in going from fluorine to bromine, and the bond length of HBBr is almost identical to that of BH 2 . Viewing these molecules as BX (X = F, Cl, Br, H) diatomics with an added hydrogen, it is apparent that the ground state BH bond lengths get longer and the bond angles get smaller with the increasing electronegativity of the X atom.
There is a consistent trend that all the bond lengths decrease on electronic excitation (Table VII) , as would be expected for excitation from an in-plane antibonding π orbital (HOMO) to the LUMO which is predominantly an out-ofplane 2p z nonbonding orbital localized on the boron atom. Of course, in all the cases, the radical adopts a linear geometry on electronic excitation, in accord with the expectations from Walsh diagrams.
There is a regular trend in the barriers to linearity, ranging from ∼2700 cm −1 for BH 2 39 to more than 10 000 cm −1 for HBF. Our presumption is that the lower A ′ component of the ground state is vibronically coupled with a higher excited state of Σ symmetry through the π bending vibration. 40, 41 To test this hypothesis, we performed some trial computations of the electronic structure of these radicals, using the Complete Active Space Self Consistent Field (CASSCF) method. In particular, we estimated the energy of the closest excited state above the ground state at linear geometries (see Table VII ). We found that at linearity the first excited state is always a Σ(A ′ ) state, which has the right symmetry to interact, upon bending, with the A ′ component of the ground electronic Π state. The energy of the Σ state increases regularly from HBF(≈17 500 cm −1 ), to HBCl and HBBr (≈26 000 cm −1 ), to BH 2 (≈40 000 cm −1 ). The splitting of the ground state and its stabilization to a bent configuration can then be attributed to a strong vibronic interaction with the Σ state. The closer is the Σ state, the larger is the interaction and the deeper the energy well, with a consequent increase of the barrier to linearity.
B. Agreement between theory and experiment
The data in Table IV show that there is excellent agreement between the observed and calculated ground state energy levels for all three isotopologues of HBBr, with differences typically of the order of the experimental error (±2-3 cm −1 ) in many cases. All three fundamentals are predicted within a few cm −1 of experiment and the calculations even reproduce the location of the highest observed bending level (v 2 = 5 of H 11 BBr at 4015 cm −1 ) within 3 cm −1 of the experimental value. It is apparent that the ground state potential is quite reliable over the data range of our emission observations.
As discussed previously, we have empirically adjusted the HBBr excited state potential downwards by 98 cm −1 in order to provide a better comparison with the experimentally observed bending levels. A mismatch between experiment and calculation of about 100 cm −1 is precisely what was found in our previous studies of HBF 14 and HBCl 16 and normally would not be cause for concern. However, the spectra of HBBr were more complex than previous studies and so we elected to adjust the potentials to provide the best possible match between the main observed bands and calculated values. As can be seen from the obs-calc values in Tables V and VI, the resulting agreement is very good for the four observed isotopologues. It is obvious from Tables II and III that the bromine isotope splittings are expected to be a few cm −1 at most, and would be buried in the rotational contours of the LIF bands, accounting for our inability to identify them in the spectra.
The calculated spin-orbit splittings for the HBX radicals are HBF 14 = 42.3 cm −1 , HBCl 16 = 87.3 cm −1 , and HBBr = 299.7 cm −1 . These can be compared to the known ground state ( 2 Π r ) spin-orbit constants of the isoelectronic CX diatomic radicals 42 which have values of CF = 77 cm −1 , CCl = 135 cm −1 , and CBr = 466 cm −1 . Clearly, there is a strong correlation, with the HBX ab initio predictions which are always lower than the CX experimental values by 35%-45%.
It is apparent from the calculations and the observed spectra that transitions to the (1, v 2 -4, 0) levels gain intensity by Fermi resonance mixing with the (0,v 2 ,0) levels of the same symmetry. Our observation that the H 11 BBr emission spectra from both members of a limited number of such Fermi resonance coupled levels are very similar suggests that the majority of the intensity derives from the transition to the pure bending levels. The situation is less clear for DBBr, as the spectra were too weak to record emission spectra from the satellite bands, but we envision that the mechanism must be similar.
Our observations of emission transitions involving changes in the K quantum number by 3 are unusual, as such anomalies were not observed in our previous studies of the spectra of HBF and HBCl. However, they are not unprecedented. For example, in BH 2 , Herzberg and Johns 38 found clear evidence for K-type resonance (a type of Coriolis interaction) between the nearby Σ and ∆ components of the (0,13,0) excited state level. Such mixing will induce some K = 2 (∆) character into the K = 0 (Σ) level and could give rise to anomalous fluorescence of the type we see in HBBr. The fact that the HBBr calculated Σ − ∆ and Π − Φ splittings of a given bending level are quite small probably accounts for the observed mixing, which must also be quite limited since the ∆K = 3 emission bands are weak.
V. CONCLUSIONS
This paper concludes our in-depth experimental and computational studies of the HBF, HBCl, and HBBr free radicals that the Clouthier group at the University of Kentucky discovered a decade ago. 13 In each case, the observed band system in the visible involves a linear-bent transition between the two Renner-Teller components of what would be a 2 Π state at linearity. As a consequence, the bands terminate on high bending levels of the excited state and the 0-0 band is both weak and undetectable by conventional laser-induced fluorescence techniques. As a result, it was difficult to make vibronic assignments purely from the experimental data and the quest for computational help spawned a very productive collaboration between the experimentalists at Kentucky and the computational group of Riccardo Tarroni at the University of Bologna in Italy. The ab initio computation of high-quality potential energy surfaces and the subsequent variational calculation of the rovibronic energy levels proved crucial to a detailed understanding of these spectra and the theoretical results made it possible to arrive at unambiguous assignments. In fact, in our recent foray into the spectroscopy of BH 2 , 39 we have shown that it is possible to calculate the rovibronic energy levels of this seven electron free radical to near spectroscopic accuracy (within a few cm −1 ) at energies as high as 22 000 cm −1 above the ground state zero-point level, without the necessity for any empirical adjustments of the potential. 39 The marriage of experiment and theory has proven to be a powerful combination for the detailed study of these complex free radical spectra.
